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Calculation of ion energy distributions from radio frequency plasmas
using a simplified kinetic approach
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Using an elementary kinetic approach, a procedure is described for calculating ion energy
distributions(IEDs) from radio frequencyrf) plasmas. The calculated distributions, which are in the
form of histograms, are used to fit experimental argon and @Ds measured in a Gaseous
Electronics Conference rf reactor modified to operate in a pulsed inductively coupled mode. Given
the average plasma potential profile and its time dependence, the calculation incorporates a number
of parameters used in more comprehensive treatments of the problem to determine the shape of the
IED. The reverse calculation that determines the average potential profile, given an experimental
IED, cannot be uniquely done, but some insights may be gained in some cases if a sufficient number
of plasma related parameters are known, e.g., the shape and amplitude of the rf modulation. The
results of the calculation indicate that argon ions forming the IEDs during the bighirode

come nearly exclusively from a presheath region that extends far into the interior of the plasma. The
calculations also suggest that theQCiéns forming the IEDs observed during the difg)(mode

may preferentially come from near the “edge” of the bulk plasma. Possible significances of this
difference are noted. @000 American Institute of Physids§0021-897@0)06908-5

I. INTRODUCTION points of origin of ions in the plasnfa>® the elementary
) _ ) . approach may make the connection between these param-
. Because ion bombardment plays a crucial role in etchingyers ang the IEDs measured more transparent. The experi-
discharges, considerable effort has been devoted o undefiental |IEDs considered in this article are obtained from a
standing how ion energy distributiorit=Ds) are controlled 13 56 MHz argon plasma in a Gaseous Electronics Confer-
by the plasma potential and associated electric field in th%nce(GEC) if reference reactérmodified to operate in a

sheath region in various radio frequengy) plasmas. For fpuIsed inductively coupled modé.Given an experimentally
example, Miller and Riley have investigated the physics Ofyetermined IED, it may be possible to construct some fea-

the plasma sheath using a semianalytic modeld Hoekstra s of the potential profile in the sheath and presi®ath
and Kushnerhave studied IEDs in inductively coupled plas- regions, although the uniqueness of the profile cannot be

mas (ICP9 with chlorine-containing gas mixtures using a assured, as is discussed when considering & IEP.
“hybrid plasma equipment model” linked with a “plasma

chemistry Monte Carlo simulation.” Wild and Koitistud-
ied IEDs in capacitively coupled plasmas which exhibit mul- . EXPERIMENTAL APPARATUS
tiple peaks. They explained the IED features by modeling the

: - Plasmas were generated in a GEC rf reference reactor
ion transport through rf modulated collisional sheaths. Howy, 456 upper electrode was modified to house a five-turn pla-

ever, the shapes of observed IEDs are ofter)bexpl_ained ONWar rf-induction coil behind a quartz window to produce in-
qualitatively. For example, Wang and Olthoféttributed ductively coupled dischargésThe ion sampling arrange-

variations in |EDs observed in Ar, N O,, and Cb plasmas  ant is 'the same as that used to study inductively coupled

to varying degrees of rf modulation across the ground Sheaﬂblasmas generated in GEnder continuous excitatiof.lons

This explanation is overly simplistic because the electric,.q sampled through a Jam diam orifice in a 2.5um thick

field in the presheath region may significantly influence the,jcel foil that was spot welded into a small counterbore in

ion energy distributions. _ , o the center of the bottom grounded electrode of the reactor.
Given the average potential profile and its time depentq |Ep measurements, the ions that pass through the orifice

dence, in this article we describe a procedure using an el accelerated and focused into a 45° electrostatic energy

ementary kinetic model for calculating the shape of the IEDS;gjector. After being selected according to their energy, the

from rf plasmas. The calculation leads to the construction of,ns enter a quadrupole rf mass spectrometer where they are

histograms that are used to fit experimentally determinedgiected according to their mass-to-charge ratio and detected
IEDs. While the calculations incorporate some parameterg;ity an electron multiplier. The resolution of the electrostatic

included in more comprehensive treatments of the problerr}m‘,juyzer was fixed at a value of 1 eV. full width at half

e.g., the phase of the electric field, Maxwellian velocity dis‘maximum, and the uncertainty of the energy scale is esti-
tributions, charge exchange collisions, mean free paths, angl5ied to be less than 1 eV.

For pulsed operation of the reactor, the rf power to the
dElectronic mail: misakian@eeel.nist.gov inductive coil was supplied by a rf amplifier with its input
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connected to a wave form synthesizer operating at 13.5 .
MHz. A master gate pulse generator with a variable pulse FORCE } } t+asin (m?_gc))
repetition rate and duty cycle was used to gate the rf outpt -
and to synchronize all time-resolved measurements. Time N N\ | |} S
resolved IED measurements were made by gating the digit:
ion counting pulses from the electron multiplier. The gating
pulse, which could be varied in width, was synchronized tc
the master gate pulse generator through a variable digite /
delay generator. /
When operated in the pulse mode, the plasma can exi: /
in two states: a dim oE mode with characteristics of a /
capacitively coupled plasma, and a brightkbrmode with
characteristics of an inductively coupled plasma. When the r
energy is applied to the induction coil, the plasma for our
conditions initially begins in th& mode and then undergoes 3
1 1 1 1 1 T ]

—_ | «— TOF (1)

a transition to theH mode® lon energy distributions mea-
sured during thee mode andH mode are considered for
fitting using the model calculation method described in  Ax Ax Ax Ax Ax

Sec. Ill. LOWER SUMMED TOFs (T)
ELECTRODE

Il KINETIC MODEL FIG. 1. Schematic viewnot to scal¢ showing how the time dependent

. . . . ., . multiplicative factor in the equations is updated through the summation of
We begin by considering an average electric pOI?nt'al IfroFs, which together with the position of the ior) (establishes the mag-
the sheath and presheath regions of the plasma that is a fungitude of the force for the next intervabx. A linear electric field is as-

tion of position. The approximation of one dimensional ionsumed here.
motion allows us to express the average potential as a func-

tion of the coordinate, i.e.,V(x), and the negative gradient
of V(x) yields the average electric fiel&(x). Because the

wavelength of the rf modulation~22m) is much greater initial value oft being taken as zerdl is the sum of the

than any relevant experimental dimensiog@.1m), we . . . .
make the assumptions that the electric field in our model i%—\l ggzgz;gi\;ﬂgigﬂeﬁg?ﬁ dii Z?éeﬁ:; tlir;t\(/evg/salﬁélﬁ fglnrgteant
quasistatit’ and that the time variation of the electric field

. . .. . during the integration.
?;C(:O$Ia_?r2r;? ip;otentlal can be incorporated as a multlpllcatlvg Noting thaty = dx/dt for the Ax interval under consid-
' ’ eration, we can integrate both sides of E4). to obtain an
V(x,T)=V(X)[1+asinoT+®d)], (1) expression fot as the ion travels the distand,
g . t?
Ax=v t+ aE(x’)[1+aS|n(wT+®)]§. (5)

wherev,, is the initial velocity, E(x")[ 1+ a sin(wT+®)] is
held constant, and is the time of flight(TOF) with the

and
EX,T) =E(X)[1+asin(oT+®)], (2

where aV(x) is the amplitude of the rf modulation of the Equation(5) is a quadratic equation for and is readily
potential,w is 27f wheref is the frequency® is the phase Solved using the quadratic formula. The valuetab then
of the potential or electric field when the ion enters the elecused in Eq(4) to determinev and this value ob becomes
tric field, andT is the time at some instafgee belowduring the initial velocity,v,, for the next interval. The value adfx

the time variation of the potential and electric field. is subtracted from the remaining distance to the grounded
The force on an ion is electrode to obtain the’ for the next interval and, as noted
q above, the value dfis added to the previous TOFs to obtain
F=m—v=qE(x)[1+asin(wT+<I>)], 3) the new T. The “updated” produqt of gE(x')[1
dt + a sin(wT+®d)] becomes the force that is held constant for
wherem andq are the mass and charge of the ion, respec'-‘he next interval. Figure 1 illustrates schematically the step-
tively. by-step procedure. The process is repeated until the total

Equation(3) is solved in an approximate fashion using g distance tra\(eled by the ion is gqual to the gssumed sheath/
step-by-step procedure during which the force is held conPresheath width. The final ve_Iocny when the ion reache_s th_e
stant as the ion moves a short prescribed distance toward tiggounded bottom electrode is used to calculate the kinetic

grounded bottom electrode of the GEC cell. The solution fol€N€rgy- By makingAx sufficiently small, it becomes pos-
the final velocity, v, after the ion travels some distance sible to capture with adequate accuracy the magnitude of the

(taken below as\x) is found by integrating Eq3), .. changing force acting on the ion as it travels to the grounded
T electrode.
q , . The model incorporates the effects of collisions, which
=p,+ — + + . . . O
V=V mE(X N1t asin(eT+®)]t, @ are not included in the above equations, by considering the
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mean free patkmfp) of the ions during the calculation of the
kinetic energiegsee below. While we can anticipate that the 22t
mfp for argon ions will be mainly influenced by the large
cross section for charge exchange, the mfp is used as a fitting< '8
parameter during the process of matching the calculated ancz 6]
measured IEDs. In gases where charge exchange or othe &
collision processes that lead to the thermalization of the ion & "[o
are not dominant, the approach described below would have &
to be modified because ions that travel to the grounded elec-@ °|,
trode are assumed to begin with thermal energies. E O Ve(0=- (V- dlix-xhe + dlx-xixg + Vs
To construct histograms for fitting experimentally ob-
tained IEDs, a computer program is used to calculate the o ) . . . ) ) ) , ,
kinetic energies of ions reaching the grounded electrode us- ~ 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
ing the step-by-step procedure described above. DISTANCE ABOVE GROUND ELECTRODE, x (m)

L (V)

(1) The calculation assumes a given average electric potenHG. 2. Average potential profile after Millest al. (Ref. 8 (A). The tri-
tial profile (and associated electric figlthat is ampli-  angles are fitted with the functiody (x), which is used to determine the

t m lat in idall t fr n f 13 electric field along thex axis betweerxs and x=0.019 m. Predictions of
I\L/Ijaez odulated sinusoidally at a frequency of 13 56VM(X) are indicated by closed circlé®). The open squarg§l) represent

. o several points predicted By:(x), whereV(x) and the gradient o¥/g(x)
(2) lons are created by electron impact ionization and charg@ere made to match the corresponding valuesvig(x) at x,. The open
exchange collisions. inverted trianglegV) are the measurements of Schwabedisseal. (Ref.

(3) lons initially have a range of thermal velocities given by 13), but they were not used in the calculations. Profiles m and n are used to
the Maxwellian velocity distribution calculate the IEDs in Fig. 3 and in the inset in Fig. 4, respectively.

(4) lons enter the field at a uniform rate in space and time

for different phases®, of the electric field. . .
- . . . lower electrode in a GEC cell at the National In-
5) lons originate uniformly from a range of starting points, gr.ounded
®) g y 9 gp stitute of Standards and Technolo@g)IST).*® The power

Xo, Where there exist both thermal ions and an electric . .
field directed toward the grounded electrode and pressure during the Millet al. measurements were 150

(6) Because the mfp of an ion will change as its velocityW and 1.33 P410 mTory, respectively. The NIST measure-

increases, an average or “effective” mfp is assumed fOIments were performed as a function of pressure, but power
the caIcuI:ations{see below information was not reported. Figure 2 shows a portion of

(7) Uniform temperature and pressure profiles are assumet&1e Miller et al. profile which extends from 0.1 cm aboye the
to exist along the ion trajectory. groundedlflectrodéthe. lowest point measurgdo a height

(8) The number of ions that arrive at the bottom plate areOf 1'9 cm.” The potential flatteqs at f"‘bom 1'.9 cm and argon
weighted by the function ions in the plasma can from this point contribute to the cal-

culated IEDs. The measurements of Milleral. are fitted

Xo mv% with a potential of the form,
WT=expg — —|expg — 5=/, (6)
L 2kT X X\ 12
Vu(x)=a+bln D +c In(B) , (7)

where the first exponential is the mfp distribution with an
average mfp value ot, and the second exponential is wherea, b, andc are equal to 32.77, 3.743, and 0.175,
(within a constant the Maxwellian velocity distribution, respectively, in units of voltsD is equal 6 1 m and the
with k equal to the Boltzmann constant,(fiot in italicg is  values ofx are expressed in units of meters.
the absolute temperature, ang is the thermal velocity of The average potential between the bottom electrode and
the ion as it begins its movement in the electric field towardwhere it meets the Milleet al. potential is modeled with a
the bottom electrode. For each ion arriving at the groundegotential of the form used by Fivaat al*® for a linear elec-
electrode with energy in the intervel to E+AE, an entry tric field,
equal to the magnitude ONT is made in the appropriate
energy bin to construct the IED histogram. The width of the v (x)=—(V,—d)
energy bin used in the calculations described below is
0.2 eVv. whereV, is the potential value wheM:(x) andVy,(x) meet
at a distance okg above the grounded electrode. Figure 2
shows the meeting point, as being equal to 0.1 cm but, as
discussed later, better matches between the calculated and
measured IEDs can be obtained by adjusting the valug .of

To calculate the IED for argon ions from an argon The parameted is used to match the gradient ¥g(x) with
plasma, we make use of the average plasma potential profiteat of the Miller et al. potential atx=x,.® The negative
measurement by Milleet al® in an inductively coupled con- gradients ofVy,(x) andVg(x) are the average electric fields
tinuous (not pulsed argon plasma produced in a GEC rf that exert a force on the ions as they travel through the re-
reference cell and potential measurements 1.2 cm above tlggonsxs<x=<1.9 and G=Xx<<x;cm respectively.

X_Xs>2+d (X=Xs)
Xs

S

Vs, ®

IV. AVERAGE ELECTRIC POTENTIALS AND Ar * ION
ENERGY DISTRIBUTIONS



J. Appl. Phys., Vol. 87, No. 8, 15 April 2000 M. Misakian and Y. Wang 3649

160000

140000} 140001 Ar* 1.33 Pa

£ 1200001 —~ 120000 1
-— 74
5 B
g 1000001 g 100000 J
E 80000 s
B s 8oooo Xs =03 mm
Z | —
u 60000 S goo00f |
2 =
= 40000 | .
Z 40000 02 46 81012141618202224

20000 Energy (eV)

1]

0 2 4 6 8 10 12 14 16 18 20 22 24 0
ENERGY (V)

ENERGY (eV)

. . . FIG. 4. Art IED measured during the bright mode at 1.33 (P& mTor)
FIG. 3. Ar" IED measured during the bright modd mode at 2.66 Pd420 5 g calculated energy distributions assuming different valurs.oFhe

mTorr) and calculated energy distributions. The three histograms represerHeak heights of the histograms were made equal to that of the measured
candidate matches between calculations and the measured IED assumimb. The inset shows good agreement between the calculated and measured

different values oks whereVe(x) andVy(x) are joined. The peak heights |epg if 4 flatter average potential profile is used in the extended presheath
of the histograms were made equal to that of the measured IED. region.

The open triangles in Fig. 2 show a portion of a potentialplasma potentialeVV (1.9 cm, is equal to 0.75 V which is
profile measured in the NIST GEC reactor when the powesimilar to a previously reported amplitude in an argon
and argon pressure were 84 W and 1.33 Pa, respectively.plasma® The calculated histogram is not highly sensitive to
These data were not considered for use in the model calcsmall changes in the value @f V (1.9 cn). The thermal
lations because of their more limited range compared to theelocities,v;, considered for the weighting functiokyT,
Miller et al. results. increased from zero in 100 m/s steps to a value for which

Figure 3 shows an argon IED from an argon plasma inWT was less than 0.0015.
the NIST GEC rf cell measured during the bright mode of  Assuming that the gas pressure measurement accurately
the discharge. During the measurements, the pressure wesflects the pressure over the path taken by the ion, we use
2.66 Pa(20 mTory and the peak pow&fwas 200 W. To the approximate relation between the mifp the gas density,
perform the calculations/,,(x) was multiplied by a scaling n, and the cross sectiéh,o, i.e., L~1/no, to obtain an
factor of 0.876 to match the NIST potential measurements atstimate of the average cross section. For the given condi-
x=1.2cm for the same pressure. After multiplying by thetions, ¢~5.9x10 *®cn?, which is consistent with an
scaling factor, the values af, b, andc [Eq. (7)] become Ar+Ar" charge-transfer cross section, but near the upper
28.70, 3.278, and 0.1528, respectivéhig. 2, profile m.  limit for the range of published cross section values, i.e.,
The same scaling factor was also applied/fgx). The sig- between~6x10"° and ~3.5x 10 *cn? for ion kinetic
nificance of using a multiplicative scaling factor and not anenergies of 1= 20eV
additive constant t&/y;(x) is discussed later. Figure 3 also Figure 4 shows an argon IED recorded in the NIST GEC
shows the results of three calculations assuming differenteactor during the bright mode at a pressure of 1.331Pa
values ofxs whereVy,(x) andVg(x) are joined. Assuming mTorr). For this case, the NIST potential measurement at
Xs=0.05mm @=0.251) leads to the elimination of most =1.2cm above the grounded electrode for the same pressure
ions in the low energy tail of the IED. The results fef  suggested that the potential profil&gs. (7) and (8)] be
=0.8mm d=1.098) andxs=0.5mm (@=0.955) are simi- scaled upward by a factor of about 1.045. This leads to a
lar although, while not obvious from Fig. 3, a better match ispotential atx=1.9cm of 21.6 V, which in turn leads to a
obtained for the low energy tail wheqq=0.8 mm. A slightly  maximum ion kinetic energy near 21.6 eV, ignoring the in-
improved match is obtained with the main portion of the IED strumental spreading of the IED. The maximum kinetic en-
(>12eV) by usingx;=0.5mm. ergy in Fig. 4 is near 21.3 eV, which is slightly lower. There-

The IED calculations assume an average nifpgf 0.52  fore, to fit the IED in Fig. 4, the scaling factor was chosen so
cm, a temperature of 600 ¥ and ions that originate from that the maximum kinetic energy from the calculation would
1.9 to roughly 0.01 cm above the grounded electrode conmatch the IED data, i.e., the scaling factor was made 1.03,
tribute to the energy distribution. The value Ak was 9.5 raising the average potential>at 1.9 cm to 21.3 V. For this
X 10 °cm and the separation X, values was 26um for  case, the values @f, b, andc are 33.76, 3.855, and 0.1797,
most of the calculation, although the main features of theespectively.

IED (between~12 and 18.1 eYcould be determined with Figure 4 also shows two calculated IEDs assunmgg
values twice as larg¥. The calculation takes into account values of 0.2 mm ¢=0.793) and 1.0 mm d=1.332).
values of the phas&), ranging from 0° to 358° in 2° steps, While not clear from Fig. 4, the histogram feag=0.2 mm
and assumes the amplitude of the rf oscillations of thepredicts a low intensity of ions in the low energy tail,
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roughly consistent with the data, but overestimates the num. 3000
ber of ions with energies-14—~18eV. The histogram for
Xs=1.0mm provides a somewhat better fit over the higherg 25001
energies, but overestimates the number of ions in the lowg
energy tail. g 2000
lons that contribute to the calculated IEDs are assumecy
to come from 1.9 to~0.004 cm ks=0.2mm) and from 1.9 E 1500f
to ~0.002cm k=1 mm) above the grounded electrode. Z
The peak power was again 200 W and a mfp of 0.635 cmk 1000
was assumed for the calculations. The amplitude of the rf—
oscillations of the plasma potential was taken to be 0.4 V 500

ENS

although the calculation again is not sensitive to small s . .
changes in this value. The earlier rema.rks .regardjﬁlg O 3 21 a6 a8 40 42 an o as %o
WT, @, the value ofAx, and the separation iX, values ENERGY (eV)

apply. Because no information was available regarding the

temperature at the reduced pressure during measurementsFdfg. 5. CK IED measured during the dim mode at 2.66(2@ mTory and

the IED. it was assumed to be 450 K. For this temperaturecalculated energy distribution assuming ions with thermal energies come
’ . . 15 2 . . from a single point near the edge of the bulk plasma. The left peak height of

the average cross section #87.3X10">cm’, which IS he histogram was made equal to that of the measured IED.

somewhat high compared to the published values for

Ar+Ar* charge exchange.

The results in Fig. 4 indicate that the main portions of A significant difference in the formation of GRand Ar*
the calculated IEDdxs=0.2mm, x;=1mm) are both 00 |epg js the absence of charge exchange collisions involving
wide (_:ompared to the measured I_ED. A method for reducm%F; , or other collision processémvolving CF!) with cross
the width of the calculated IEDs is to decrease the slope Ofections having a comparable order of magnitude. This leads
the potential profile in the extended presheath region. Thig, simplification of the calculation of the IEDs, namely, ig-
result can be readily shown using simple graphical analysegqring collisions in the sheath region because of the rela-
with potential profiles that have different slopes. The insetintive|y large mfp L) and short distancesX,’s, that ions
Fig. 4 shows the results of a calculation for which the potenyaye| under the influence of the electric field. Assuming a
tial in the extended presheath has been made slightly flatiefjisionless sheaththe mfp distribution, which is a factor

than the Miller et al. profile (i.e., a=31.89, b=3.278,¢c  j, gq (6), is dropped when the calculations are performed.
=0.1528; Fig. 2, profile j x;=0.3mm, d=0.7987, L Figure 5 shows the GFIED from a 50%CR/50%Ar
=0.6¢cm, and F400. The approximate collision €ross sec- yjasma recorded during the dim mode at a pressure of 2.66
tion at 1.33 Pa for the given temperature and mfp is aboup, 4nd when the power deposited in the plasma was much

715 . . . .
6.9X 10" *°cn¥, which is again somewhat high compared 10 joss than the 280 W peak power. Further details of the IEDs

published charge exchange cross sections for argon ions. TR+ \vere measured as well as optical emissions from the
amplitude of the rf oscillations was 0.4 V and ions were

pulsed inductively coupled plasma are described elsewhere.
assumed to come from 1.9 cm to roughly Gt above the A cangdidate average potential profile was examined by as-
grounded electrode. For these conditions, good agreement g ming a linear electric field and a value for the sheath po-

obtained between the calculated and measured IEDs. As W%ntial suggested by the average kinetic energy of the IED,

be discussed later, the earlier difficulty in obtaining a satisyyhich is near 405 eV. The histogram in Fig. 5 was con-

factory fit to the measured IED at 1.33 Pa can be traced backy,cted assuming that the average potential profile is given
t_o the method useq in scaling the Mlllet. al. poteqt|al pro-  py Eq. (8), with d=1V, V,=40.55V, x.=0.236cm, and
file. The flatter profile that was chosen is also discussed. T_500K. The amplitude of the rf modulation &f, was
assumed to be 32 V and all of the ions in the IED started
from a single pointX,=0.2364 cm. Except fo¥, the se-
V. CF} ION ENERGY DISTRIBUTION AND Iect'ion of the.above parametgrs was arbitrary. In ge.neral, for
CANDIDATE AVERAGE POTENTIAL PROFILE a given amplitude of modulation and, value, increasing
makes the calculated bimodal distribution narrower because,
During the course of developing equations for the argoras expected, the ions require more time to cross the sheath
IEDs, it was observed that bimodal IEDs could occur if aand tend toward the average kinetic energy. Conversely, de-
linear electric field[Eq. (8)] with a short presheath region creasingxs increases the width of the calculated bimodal
was assumed for the calculations. For this case, the extende@dstribution within limits set by the amplitude of the rf
“presheath” in Fig. 2 for argon is replaced by a potential plasma oscillations.
profile that has a short presheath followed by an extended Figure 6 illustrates how the calculated energy distribu-
region that is flat, i.e., the electric field in the bulk of the tion for the measured IED in Fig. 5 can be improved. To
plasma is assumed to be negligible. Bimodal distributionsbtain the more realistic histogram in Fig. 6, the presheath
have been observed for GFEDs during the dim mode of a region was extended a small amount by increasing Eq.
CF,/Ar plasmd and thus the appropriateness of a linear elec{8) to 10 V, and ions in the calculated IED were allowed to
tric field for this case was investigated. come from a narrow range of distances, namely, 0.190cm
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FIG. 6. CK IED from Fig. 5 and calculated energy distribution assuming
ions with thermal energies come from a range of distances near the edge

@)

of

the bulk plasma. The left peak height of the histogram was made equal to
that of the measured IED. The inset shows a comparison of the a measured

and a calculated IED assuming an unrealistic value for the sheath width,

©)

=X,=<0.235cm. Other parameters used in the calculations

were T=500K, xs=0.215¢cm,V,=40.5V, and rf modula-
tion amplitude equal to 35.4 V.

The inset in Fig. 6 shows a similar realistic appearing
calculated |IED obtained whem=10V, T=400K, Vg
=41.3V, 0.0354 cn=X,=<0.0418 cm, rf modulation ampli-

4

tude equal to 7.8 V, and an unrealistic value of the sheath

width for the dim modex,=0.04 cm.

VI. DISCUSSION
A. Argon IED (2.66 Pa)

©)

The very good agreement between the measured and cal-

culated(xs=0.5 and 0.8 mm, respectivglyEDs in Fig. 4
can be regarded as fortuitous to some degree because of t
assumptions that go into the modeling, including the metho
for scaling the Miller et al. potential, and because there
likely exist uncertainties in the Milleet al. and NIST poten-
tial measurements. In addition, the power during the Miller

@)

et al. potential measurements was 150 W, whereas the NIST
IED measurement was recorded at a peak power of 200 W.

Yet, it is noteworthy that most of the average potential pro-
file used for the calculations was obtained by applying
simple scaling factor. The discrepancies between the me

8)

sured and calculated IEDs near 13 eV correspond to the re-

gion where the adjustedor NIST conditions potentialsVy,
andVg are joined and thus it is not surprising considering the
uncertainties that could exist in this region.

Several other observations can be made from the results

shown in Fig. 3.

(1) To calculate realistic IEDs, it is necessary to take into

consideration ions that come from a range of distances
above the grounded electrode. As seen from the Miller

et al. profile measurement, the electric field in an induc-
tively coupled plasma can extend far into the interior of
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the plasma and some ions from this region will contrib-
ute to the IED. The maximum kinetic energy will corre-
spond to the maximum plasma potential if experimental
rounding of the IED is ignored. It is noteworthy that
most of the IED is composed of ions that come from an
extended “presheath.”

Because the average plasma potential profile used in the
calculations was largely taken from the data recorded
during a continuously excited inductively couple plasma,
and the IED measurement was recorded during the
bright mode of a pulsed inductively coupled plasma, the
potential profiles for the two conditiorisontinuous and
pulse/bright modesapparently are similar. However, it
should be noted that because the scaling factor used to
obtain the average potential profile was multiplicative
and less than unity0.876, the profile was made flatter
than the Milleret al. profile, Vy,(x). If the scaling had
been accomplished by using an additive constant to
Vu(x), the slope of the profile would have remained
unchanged, and the main portion of the calculated IEDs
would have been too wide. Calculations not shown con-
firm this observation.

From an examination of the average potential profile for
the NIST calculationnot shown, the disappearance of
significant numbers of argon ions near 3 eV in the mea-
sured IED indicates that the AAr* charge exchange
collisions cease to occur in significant numbers at a
height of about 0.01 cm above the grounded electrode.
The approximation of a linear electric field very close to
the grounded electrode is supported by the agreement
between the IED and calculation in this region, i.e.,
along the low energy “tail” of the IED. The same ap-
proximation in the region where the adjustégd(x) and
Vu(X) meet is not as good.

The value ofxg strongly influences the intensity of cal-
culated ions in the low energy tail, i.e., the number of
ions in the low energy tail decreases s is made
smaller.

The histogram calculations are not highly sensitive to
absolute temperature, but the temperature does signifi-
cantly influence estimates of the average cross section.
The alignment of the calculated and measured IED peak
energies is sensitive to the choice of the mfp. Although
not shown in Fig. 3, increasing or decreasing the mfp
shifts the peak kinetic energy of the IED to higher or
lower values, respectively.

Knowledge of the gas temperature, density, and the cross
sections for the predominant ion-atom collision pro-
cesses provides a means for checking the consistency of
the mfp assumed for the calculation. The slightly high
cross section value for charge exchange estimated from
the value ofL used to match the calculated and measured
IED at 2.66 Paand 1.33 Phais likely due to many sim-
plifying assumptions that are incorporated into the
model. For example, the approximate expression used to
estimate the cross section~1/nL, assumes that the
ions travel through a stationary background gas, whereas
the background gas particles move with elevated thermal
energies. Taking this motion into account would reduce
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the numerator on the right-hand side of the expression, The uniqueness of the average potential profile used in
and the estimated cross section. Also, we may be ovetthe calculation of the CFIED cannot be assured as demon-
looking some ions that undergo inelastic collisions, fol-strated by the two calculated histograms in Fig. 6. By scaling
lowed by collisions that lead to thermal ions, and thatup or down the values of; and the rf modulation amplitude,
still contribute to the IED and the estimated crossfor about the same value &f;, and similarly scaling the
section. range of X, values comparable IEDs can be constructed.
However, because of the strong influencexgfind the am-

It should be noted that because the time variation of thgitude of the rf oscillation on the calculated IED, knowledge
plasma potential is in the form of a multiplicative factor, it of either parameter would allow an estimate of the other via
can be readily modified to consider the effects of wave fOI’mQhe process of matching the calculated and measured IEDs.
other than purely sinusoidal. For example, the effects of hargor example, if the amplitude of the rf oscillation is known
monics and their phase relation to the fundamental frequencifom measurements, the determination of the sheath width,

can be investigated. Xs, and thus the average potential profile will have less un-
certainty when the calculated and measured IEDs are
B. Argon IED (1.33 Pa) matched. Knowledge of the temperature also reduces the un-

certainty in determining the average potential profile, al-

The agreement be';wee_zn the m_easureo! anql calculat(% ough its influence is minor compared to those ofxthand
IEDs at 1.33 Pa shown in Fig.#@xcluding the insetis only f amplitude values

fair compared to the 2.66 Pa case. By increasing the mean As for the case of argon IEDs, the influence of wave

\r/]vlgrh e:ex:]yrzra;lllgg e:ilig? c:;‘]the T'Stlo?r‘;“?;g eVr) V\tlowf/jvid In addition, a small modification in the calculation software
orsen. As noted earlier, the caiculate S are 0o efor linear electric fields allows one to examine the effects of

The”r;])rofbletmr 'Sr dl:e; tIE Ear:;ittotthebfsi’ﬁ t?]f a r?urlltt'iplllCerlt':c/ilesheath width %) variations, assuming its time dependence
scaling factor greater than unity to obta € potential proie, g phase relation relative to the plasma oscillations. How-

mr;?ilee I?:rgr?trr]i?)ittrésret?)l?aé -\I;vrilgerresgllggg tlggrlesse;ssvlv(;psenftéh ver, it was not necessary to consider such variations for the
P reesults shown in Figs. 5 and 6.

earlier. The flatter presheath potential used to calculate th
IED in the inset in Fig. 4, which shows good agreement with
the measured IED, was obtained by adding a cons&t®  v/||. CONCLUSIONS

V) to the presheath potential profile used for the 2.66 Pa

calculations. This constant voltage raises the potential at Given the average potential profile for a rf plasma and its
=1.9¢cm to 21.3 V which is consistent with the maximum time dependence, an elementary deterministic method has
kinetic energy of the measured IED. It thus appears that thBeen described for calculating IEDs impinging on and exit-
slope of the average potential profile in the presheath regiod through the ground electrode of a GEC reactor. While the
is the same at 2.66 and 1.33 Pa. Using a multiplicative scal-given” potential profile provided by the Milleet al. mea-

ing factor less than unity for the earlier 2.66 Pa calculationsurements had to be modified slightly to conform to condi-
instead of adding a constant to the Millerral. potential was ~ tions in the NIST GEC reactor, the good agreement that
a fortuitous choice. While the difference in slope between theould be attained between the calculated and measured IEDs
Miller et al. potential profile and the ones used for obtainingProvides support that the calculation method is basically
favorable calculated IEDs at 1.33 and 2.66 Pa is not greatound assuming the approximations that were indicated. It is
(Fig. 2, the small difference does significantly affect the interesting to note that the slopes of the extended presheath
outcome of the calculations. We note that the adjusted profil@rofiles at 2.66 and 1.33 Pa in the argon plasmas are essen-
(Fig. 2, profile n is very close to the NIST measurements tially the same, i.e., the electric fields acting on the ions are

at the same pressure, but different pow®ig. 2, open apparently the same. The reverse process of determining fea-
triangles. tures of the average potential profile given a measured IED

has much greater uncertainty associated with it, but some
insights may be gained as knowledge of a number of param-
eters associated with the plasma increases, e.g., rf modula-
The calculated IEDs in Figs. 5 and 6 illustrate oncetion amplitude, mean plasma potential, gas temperature, and
again the need to consider ion contributions to the energgas density.
distribution from a range of distances in the sheath/presheath The calculations for the IEDs considered in this article
regions. However, the results of the calculations are consiggive support to the assumption that linear electric fields very
tent with the view that the presheath region in the dim modeclose to the ground electrode are a good approximation in
does not extend very far into the bulk plasma as in the cas&EC reactors. The results of the calculations are also consis-
of the Ar" IEDs in the bright mode, i.e., most of the plasmatent with the view that there can be significant differences
appears to consist of aaverage equipotential region. The between the average potential profiles in the bright and dim
assumptions of a linear electric field and the absence of comodes when the plasma is excited in a pulsed fashion. In the
lisions in the sheath region also appear to be fair approxibright mode(inductive coupling the “presheath” extends
mations. far into the interior of the plasma as previously repdftexd

C. CF3 IED (2.66 Pa)
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continuous plasma excitation whereas in the dim m@de Aragon, J. Res. Natl. Inst. Stand. Techrt0, 427 (1995.
pacitive coupling the penetration of the electric field into the °Y. Wang, E. C. Benck, M. Misakian, M. Edamura, and J. K. Olthoff, J.
bulk plasma is relatively nil. A consequence of the first ob-, APP!: Phys.87, (2000.

. . . : B. ChapmanGlow Discharge Processds. Wiley, New York, 1980
servation is that ions in the IEDs come from a range ofnJ_ K. Olthoff and Y. Wang, J. Vac. Sci. Technol. ¥, 1552(1999.

POint$ Xy's) extending well into the plasma; most of the 12gqr a discussion of quasistatic fields in capacitively coupled plasmas, see,
ions in the IED come from the extended presheath. A con- for example, Y. P. Raizer, M. N. Schneider, and N. A. Yatserkaxio-
sequence of the latter observation is that the starting pointsFrequency Capacitive Dischargg€hemical Rubber, Boca Raton, FL,
of the ions that travel to the grounded electrode may be pref, 199 _

. o " A. Schwabedissen, E. C. Benck, and J. R. Roberts, Phys. Re%,. #50
erentially from a narrow range near the “edge” of the bulk (1997
plasma. These differences may be of interest when pulse@yost of the data points shown in Fig. 3 are estimated by interpolating
inductively coupled plasmas are considered for plasma pro- between the measured values reported by Mileal®
Cessing_ For examp|e’ if the density prof"e of ions is notlSM. Fivaz, S. Brunner, W. Schwarzenbach, A. A. Howling, and Ch. Hol-

uniform throughout the plasr@and there are multiple ion , 'enstein, Plasma Sources Sci. Techrol373 (1995

. . . . . 8|n the Fivazet al® paper x, indicates the sheath width ands related to
species, there could be differences in the predominant ion or i : . .
the electric field associated with the presheath. Approximately the same

mix of ions in the flux impa(_:ting a target \_N.afer’ depending interpretation can be given here if we think of the presheath region as
on the mode of plasma excitation. In addition, estimates of extending far into the body of the plasma and ttiatoes not completely
the relative abundances of ions in the bulk plasma from IED _characterize the presheath region.

measurements performed during the dim mode may be a%ZBecause the plasma and the corresponding impedance continually changes
fected during the pulsed excitation of the plasma, it is not possible for the match-

. .. . . . ing network coupling the rf energy to the coil to be continually optimized.
The simplicity of the calculation method has its 0bvious  for the IED measurements reported in this article, the matching network

limitations. For example, it does not consider ions that might was optimized for continuous excitation and the rf power value indicated
approach a substrate in directions other than nSremad it is for the net power to the matching network driving the coil under con-
cannot predict flux densities. The method does allow inves;,tintous excitation.

. . . . . . . 18E. Benck, determined from measurement of optical emissions from argon
tigation of candidate potential profiles that might yield IEDs plasma at 2.66 Péprivate communication

with shapes desirable for etching purposes, as reported ré-o achieve sufficient accuracy in the calculations for ions less than about

cently by Wendtet al 24 12 eV, theAx value (9.5¢10 °cm) and the separation X, (26 um)
were reduced further.
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